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REMARKS 

All the previous claims have been replaced by a new set of Claims 40-60, which 

were drafted in order to more clearly define the present invention and to more sharply 

distinguish it over the cited references. Favorable reconsideration of the application is 

respectfully requested in the light of the following remarks by the inventor: 

Divelbiss et al. mention two types of LCD display technologies: 
amorphous silicon (a-Si) and 3-chip polysilicone (p-Si). Today's LCD 
projection market is totally dominated by the p-Si technology, and my 
claims refer exclusively to p-Si projectors. 

Divelbiss et al. describe two different methods for making 3D projection 
display. For a-Si projectors which emit fully polarized light, Divelbiss et 
al. describe various methods to efficiently convert the polarizatons states 
of the original projectors into two orthogonal states compatible with the 
eyewear filters. Since in this case the light of each projector (even after 
the polarization manipulation) is fully polarized, it is possible to use 
"clean-up" (or "touch-up" in Divelbliss et al. nomenclature) polarizers. 
Divelbiss et al. indeed anticipated this. 

Early p-Si projectors delivered fully polarized beams as well. But it was 
quickly realized by projector designers that the performance of p-Si 
projectors can be significantly improved by adopting a cross-polarized 
design in which the polarization of the green component is orthogonal to 
the polarizations of the red and the blue components. Nowadays, all p-Si 
projectors have this polarization structure. 

For p-Si projectors, Divelbiss et al. describe a more subtle method, which 
consists of rotating the polarizations in the two projectors by +45° and - 
45° respectively (Figs. 10 and 12), and simultaneously crossing the green 
signal components (Fig. 11). In this case the output light of each projector 
is not polarized, and therefore it is not possible to use clean-up polarizers. 
Indeed, Divelbiss et al. do not propose clean-up polarizers for these 
embodiments. 

Paragraph 27 in Divelbiss et al. is unintentionally misleading concerning 
this issue. In the second sentence p-Si projectors are mentioned, but all 
the rest of this paragraph relates exclusively to a-Si projectors. The clean- 
up polarizers mentioned in this paragraph refer exclusively to a-Si 
projectors. 
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My invention is based on the retarder stack polarization manipulator 
technology. This technology dates back to 1944 when B. Lyot proposed a 
method to make an optical narrowband filter with a stack of birefringent 
elements [1]. Approximately 10 years later, I. Sole proposed a different 
stack architecture with similar optical properties [2]. G. Sharp realized 
that this technology can be used in display systems, see e.g., US patent 
6,310,673 to Sharp. One important application is creation of an optical 
source with fast switchable colors for color sequential displays. Such 
switchable color source requires a material capable of rotating the 
polarization of a given color component while leaving the polarizations of 
the other components intact. G. Sharp disclosed how to make such 
material by stacking a large number of optical retarders (and gave it the 
commercial name ColorSelect™). A stack of this type is used in the 
present invention to polarize efficiently the light of cross-polarized p-Si 
projectors. 

It is always possible, of course, to polarize LCD projectors using 
conventional polarizers (see Divelbiss et al., Fig. 3). However, the 
maximal optical efficiency of such polarization is only 50%. On the other 
hand, using the retarding stack technology, it is possible (theoretically) to 
achieve an efficiency of roughly 90%. 

Divelbiss et al. do not disclose how to polarize efficiently the light of 
cross-polarized p-Si projectors, and they do not mention the retarder stack 
technology. My invention is fundamentally different from Divelbiss' et al. 
invention. As a result of this difference, the implementation of my 
invention does not require any signal crossing and allows the use of clean- 
up polarizers. These two characteristics make it much more useful. 

References enclosed 

1 . J. W. Evans, . Journal of the Optical Society of America, 39 (3) 229 (1 949). 

2. J. W. Evans, . Journal of the Optical Society of America, 48 (3) 142 (1958). 

It is believed that the new set of Claims 40-60 avoid all the objections raised by 
the Examiner under 35 U.S.C. 112, second paragraph, and are patentable under 
35 U.S.C. 102(b), as well as under 35 U.S.C. 103(a), over Divelbiss et al, taken alone, or 
in view of Yamamoto et al. 

The amendments to the specification were made merely to conform the 
terminology used therein to the language now used in the new claims. 
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In view of the foregoing, it is believed that this application is now in condition for 
allowance, and an early Notice of Allowance is respectfully requested. 



Date: October 24, 2007 

Enclosures: 

• Additional Claim Fee Transmittal 

• References: 

J. W. Evans, . Journal of the Optical Society of America, 39 (3) 229 (1949). 
J. W. Evans, . Journal of the Optical Society of America, 48 (3) 142 (1958). 



Respectfully submitted, 




Martin D. Moynihan 
Registration No. 40,338 
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The Birefringent Filter 

John W. ICvans 
Harvard Observatory, UitrvurU University, Cambridge, Massachusetts 
(Received November 10, 1948) 

Optical birefringent fillers, which depend for their action on the interference of polarized light, om 
be designed to transmit very shurp bunds (down lo a fraction of an angstrom in width). Thu ele- 
mentary theory necessary for their design iH given. 

Three formH of wide (icld fillers designed by Lyot ure described in riotuil. A more recently developed 
split element, wide field filter requires only hnlf us ninny polarizers as Ihe earlier types," which muv 
he nn advantage for some applications. 

Various methods of adjusting the transmission bunds of a birefringent filler, including the use of 
elements of variable thickness, and phase shifters are discussed. For most purposes the electro-optical 
phase shifters are probably the moBt promising. For special purposes, such as spectrophotometry, 
phase shifters composed of rotating fractional wave plates may be more advantageous. Two such 
phase shifters and their application in simple unci split element filters tiro described. 

A few crystalline materials which hove been used or might be used to ndvantngo in birefringent 
filters are mentioned. 

Finally, ihe possibility of using polarizing Interferometers in combination with birefringent elements 
for Miters with extremely sharp transmission bands (in the range of hundredths or thousandths of 
nn angstrom) is very briefly discussed. 



I. INTRODUCTION 

DURING the past few years the birefringent 
filter has proved nn effective tool in astro- 
nomical research. Its utility, however, is not con- 
fined to astronomy and the purpose of the present, 
paper is partly to bring it to the attention of 
investigators in other fields. 

Briefly, the birefringent filter serves the purpose 
of a monochromator over an extended field. It can 
be designed to transmit a wave-length band of any 
desired width (down to a fraction of nn angstrom) 
centered at any selected wave-length. It is used 
very much like an ordinary glass or gelatin filter in 
I either a eolltmated or n converging beam of light, 
: fat with some limitation in field size or focal ratio, 
.^cording to the type of construction, material, 
'Mid band width. 

The invention of the birefringent filter is one of 
(lie many important contributions of the French 
, i Wrortornor, Bernard Lyot,' to instrumental as- 
tronomy. He first published the basic principles of 
'"operation in. 1933. flhmnn' independently in- 
cited the filter and jn 1938 constructed the first 
° ne to bo used for solar observations, with a 
^amission band about 40-angstroms wide van- 
fffed on the 77a line. With it he succeeded in seeing 
?M& Photographing the brighter prominences, nl- 
Wigh it was evident that a much sharper band 
Wuld be neccssnry for the best results. 
y n a later paper Lyot 3 has given a very complete 
.^Ussion of the history, theory, and construction 
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whom his papers are not readily available, the pres- 
ent paper reviews enough of the elementary theory 
to suffice for the design of filters of any feasible char- 
acteristics. The remainder of the paper is a discussion 
of newer developments which serve to simplify the 
construction of the filters and extend their field of 
usefulness. 

II. THE SIMPLE BIREFRINGENT FILTER 

Several forms of the birefringent filter are 
possible, differing in width of field and complexity 
of construction. They all depend, however, on the 
interference of polarized light transmitted through 
layers of birefringent crystal in the direction perpen- 
dicular to the plane of the optic axes if the crystal 
is biaxial, or any direction perpendicular to the 
optic axis if the crystal is uniaxial; 

Since we can regard the uniaxial crystal as a 
degenerate biaxial crystal, most of ihe following 
discussions will consider only the biaxial case. Let 
e and u be the extraordinary and ordinary indices 
of refraction of any uniaxial crystal; and a, 0, y be . 
the smallest, intermediate, and greatest, principal 
indices of refraction of a biaxial crystal, respectively. 
Any expression for a biaxial crystal is valid for a 
uniaxial crystal if one of. the following substitutions 
is made: 



■•u, #«=w, and 7=e if « — w>0, 



or 



l^birefnngent filters. For the benefit of readers to 

Pl^-Lyot, Comptos Kendutt 107, li 
mi t.°hmun, Nature 141, No. 35 

".ffli No. 3SA.1. 901 M01IM. !>,„,, lift. 



t, and 7- 



■cu 



if s — «<(). 



503 (10.13). 

M - , « mw. 3560, 157 (1038); Nature 

6 No. ,156,1 201 (10.18); Popular Ast.ronomisk Tidskrifl, 
iJ'Jp PP. II unci 27 (1 9.18). 
°'Lyot, Ann. Aslrophys. 7, No. 1-2, p. 31 (JQ44). 



Unless otherwise specified, the mulually perpen- 
dicular directions of vibration of , light for which the 
refractive indices are a, 0, and 7 will be referred 
to as the a-axis, 0-axis; and 7-nxi.H. These are, of 
course, the principal axes of the indux ellipsoid. '. . 
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Fio. 1. Birefritigent filter «r three elcmonU. 
The quantity n is defined by 
m = 7 — «. 

The term "retardation" will bo used to indicate a 
pnth difference in terms of wave-lengths. 

For brevity, the direction of vibration of light 
transmitted by a pointer (prism or film) will be 
referred to as the axis of the polarizer. 

Consider a block of some birefringent crystal, 
t>i wi I" i if. 1, cut with its surfaces normal to its 
P*nxiB. Let light plane polarized at an angle of 
45 to the a-a.\is enter (he crystal along the 0-axia. 
Jn the crystal the light divides into two components 
polarized with vibrations parallel to the a- and 
7-axes, traveling with different velocities, c/a and 
c/y. On emerging from the crystal, the two compo- 
nents have therefore a relative retardation of 
given by: 



»l-(rfi/X)Mi 



(II. 1) 



where d is the thickness, of the crystal in the in- 
direction, and X is the wave-length of the light. 

ff now the light, traverses a polarizer, p t (which 
may be either a Nicoi or similar prism, or a film 
polarizer) with its axis , mrn || e | , 0 lh(J vi | )rutioit 
plane of ih e entering light, the two components 
interfere. The transmission, r„ of the />„ *, combi- 
nation is: 



T\ «=(. {)H :, 7rM|. 



(11.2) 



If white light. traverses Ihe combination, the 
Hpcclruni of the emergent light conHislK of regularly 
spaced alternate bright and dark bands at wave- 
lengths where », is alternately integral and half- 
integral. Flu- transmission as a. function of wave- 
length is represented by curve a, Fig. 2. 

The wave-length interval between successive 
bright bands is inversely proportional to the thick- 
ness of the crystal. To obtain an approximation of 



the interval, set A»= 1 in ihe equation : 
AX An ] 

We now add a second crystal, /; ip and a polarizer n 
oriented parallel to b t and p,. If rf,-2rf 1( the traru! 
mission of the p t combination, represented Z 
curve b, Fig. 2, is: ™ 



ti - cos' J 7rnu => cos'Vin t . 



(II.*) 



The transmission of the whole assembly, b it p. 4 
pa, shown in curve c, Fig. 2, is therefore: ' ' 

rij = co8 9 7r»i coB 2 ir27ij. (If .5) 

A third crystal element, b it with d„ = 2d 9 , followed j 
by the polarizer, p t> has individual transmission 1 
shown in curve d. The transmission of the assembly 
0\ to p n , is then represented by curve e, Fig. 2 ' 

It is evident that further crystal elements' and 
polarizers can be added. The result is the basic 
type of birefringent filter, which will be termed the 
simple filter, it is comprised of n series of units, 
each consisting of a plane-parallel birefringent 
element (^-element) followed by a polarizer. All 1 
6-elements have surfaces normal to their /S-axes ; 
and are mounted with their a-axes parallel. All '; 
polarizers have their axes parallel to the vibration i 
plane of the entering polarized light at 45° to the | 
a-axes. The thickness of the rth A-element is such 
that 1 

m,«2'-'»,. [11,6) 

The spectrum of light transmitted by the filter.: 
consists of a series of widely spaced narrow bonds. \ 
Their separation is equal to the separation of the..! 
transmission maxima of the thinnest element alone,'' 
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vvhile their effective width is the half-widlh of I he 
■maxima of the ihickesl element alone. I'or polarized 
entering Uk' 1 lllc transmission of a filler of / 
i-elements (neglecting absorption in lhe material 
of the filter) ia: 

r = t:os' J x«i COH i 7r2wi- ■ ■coH !, ir2'- , ?/ 1 . (I J. 7) 

' The quantity »i must, of course, he an integer al 
■ the w&ve-lengl h of the desired transmission band. 
Its magnitude .should he small enough to separate 

• the adjacent bands sufficiently to permit ihe isoln- 
. tibn of the selected band by means of ordinary 

filters. 

•/, It can readily be shown thai the total iransmia- 

. eibn of flux in an equal energy spcelruni is 2 - '. 
Regardless of the width and separation of the 

.: bands, the total residual flux transmitted between 
successive principal maxima in a filter with />3 is 

:• n substantially constant fraction (about 0.11) of 
the flux transmitted in a single band. 

. The filter at the Climax, Colorado station of the 
High Altitude Observatory of Harvard University 

: and the University of Colorado has been in satis- 
factory operation in the observation of solur promi- 
nences since early lv43. It is a simple filter of six 
quartz elements with »i = 23, n 0 ~736, di = 1.677 

• mm, and do = 53.658 mm and has a transmission 
band of effective width 4.1 angstroms centered on 
the Ha line of hydrogen (N6563) at an operating 

. temperature of 35.5°(\ its purpose is to eliminate 
the overpowering scattered light (continuous spec- 
trum) near Ihe limb of the sun while 'still trans- 
muting the //a-emission from the prominences, 
which are otherwise completely invisible. The 
success of the filter can be judged from the photo- 
graphs in Plate I. 

, In practice, a filler should either be cemented or 
.•immersed in oil lo avoid multiple reflections. Initial 
polarization is usually obtained by a polarizer' 
:«ounted in front of the first 6-clcinenl with its axis 
Parallel to I ho axes of the other polarizers, 
v. In any birefringent crystal, both the geometrical 
;i', mena 'on« and n are functions of temperature, 
'^ne result is a small shift in the wave-lengths of 
:'j ? e transmission maxima when Ihe temperature 
Ranges. In quartz, for instance, AX/A 7'= —0.66 
fttrom pi-r degree centigrade in the red. Hence 
jS:. ter npenilure of . the filter must be controlled 
|L: n "■ufRcienl • accuracy to keep the maximum 
> 810,18 ()f wave-length within tolerable- limits. 
Width*-' rnnRC of tW( . > - l . u, l t,1H of l»« :effeclivo band 
'"if/ 18 small enough for most purposes. 

y Ul. OPP-AXIS EFFECTS IN SIMPLE FILTERS 

gj-J '8 evident that when Jighl traverses a.slmple 
m a i* a " ,inff,u ,() thu i" atrunujn 'al axis, tlie light 
M ^. through- the birefringent i material and the 
S< c,t y dilTerence of Ihe fast and slow waves are . 




% i .v 



Plate I. Pholoitritphtt or prominences nt Lhe limb of the 
win luken through the blrefrmpnt filter of the High Altitude 
Olwervtilory in the light of the Ha-\\wn of hytlrojten. 

altered. The effect is simply to alter the value of 
n t in Kq, (1 1.7). «" 

Lyot° has calculated the off-axis effect for light 
incident in the two principal planes normal to the 
a- and 7-axes in a biaxial crystal cut with its 
surfaces normal to the 0-axis. Although the equa- 
tions are not exact, since terms of the fourth and 
higher degrees in <p (the angle of incidence) are 
neglected, the approximation is excellent for the 
moderate angles of incidence encountered in the 
use of filters. 

Lyot's equations can be very simply generalized 
to give the off axis effects for light incident in any 
plane normal to the surface of the crystal (and 
parallel, therefore, to the 0-axis). Figure 3 repre- 
sents a block of biaxial crystal with its a-, 0-, and 
7-axes in the directions indicated. Let polarized 
light with vibrations in a plane at. 45° to lhe a-axis 
enter the crystal in the direction (y>, 0). Here ip is 
the angle of incidence, and 0 is the azimuth of the 
incident plane measured from the a-nxis. The light 
emerges from, the crystal in the. direction (<?, 8) in 
two polarized components with vibrations very 
closely parallel to the a- and -y-axes. They have u 
relative, retardation, n, which is to be determined 
as a function of <p, 0, iind »o, where no is the retarda- 
tion for light entering the crystal; ftjom Ihe direction 

A consideration .of. the isochry^mtie e n.rfacies; of 

'/alMiailllllilttiiili 
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Fici. 3. Off-axis ray in the crystal coordinate system. 

biaxial crystals 4 , leads to the conclusion that the 
equations of the curves of constant retardation, n 
(written in terms of <p and 6), represent hyperbolas 
if terms in the fourth and higher powers of <p are 
neglected. Their transverse axes are along the 
o(-axis for »/« 0 Sl and along the -y-axis for n/n 0 g 1 
for crystals in which ay — /3 J 51. The asymptotes 
are the lines 

t&n'8-ct/y. (III.l) 

Lyot'e equations give the squares of the semi- 
transverse axes, which are: 



(n \y 
II- in the plane 0 = 0, 
»o sh 

(n \a 
1 j- in the plane 8 = v/2, 
»o / k 



(III.2) 



where 



ay-p 



(III.3) 
2(y-«)p 

We have, therefore, sufficient information to deter- 
mine both sets of hyperbolas, which can be repre- 
sented by a single equation 

[/cos s 0 sin"0\l 
1 + : J J. (III.4) 

The exact expression for n in uniaxial crystals is 
readily derived by a straightforward application of 
Huygeha 1 principle and analytic geometry. Con- 
sider a plane-parallel uniaxial crystal in a rectan- 
gular x, y, z coordinate system with the origin in the . 
first surface. Let it be oriented with its surfaces 
normal to the z axis. Let the * axis be parallel to 
the crystal optic axis (i.e., parallel to the a-axis in 
negative crystals or . to the <y-axis in positive 
crystals). Choose units of time and distance to 
make the velocity of light in space unity. The 
equation of an entering plane light wave is then: 



ax+by+cz — 1°>0, 



(1115) 



where a, b, and c are the direction cosines of V L " 
normal to the wave front and t is the time. 

As the wave passes the origin in entering tl|i 
crystal, it initiates a secondary wavelet which eif 
pands into an ellipsoid with the equation: 



(111.6)1 



where f, 17, and u are reciprocals of the velocitieal 
along the x, y, and z directions, respectively. 

At a given instant, that portion of the plaiig 
wave which is inside the crystal, coincides with _ 
plane tangent to the ellipsoid of Eq. (1 1 1,6) andj 
containing the line of intersection of the plan* 
wave of Eq. (1 1 1. 5) with the first surface of the! 
crystal (i.e., the plane a«=0). The tangent plariel 
through the point (xi, y u z{) on the ellipsoid is r ' 

xxpx+yrfy+zrfz-P-Q. (111,7; 

The lines of intersection of the planes of Eqa: 
(1 1 1.5) and (III. 7) with the first surface ,of the 
crystal are, respectively, 

ax+by-t~0, z=>0, * (III$j 

and 

Xipx+yrty-paO', 8 = 0. (III;9){ 

These two lines must coincide. Hence : 

*i-(a/f s )* and y t - (b/n*)t. (111.10)] 

Since (*i, y u zi) must be a point on the ellipsoid qf| 
Eq. (III. 6), we find for zi: 



t/ a ! ft s \* 
hi— I 1 ) . 



(iii.ii)S 



Equations (III. 10) and (III. 11) define the path.ofj 
a ray through the origin. 

Let d be the thickness of the crystal in the .i| 
direction. The time, h, when a. ray through the 
origin, reaches the second surface is, then : 

ti-dv/tl-(a*/l*)-(PM)lK (niM 

On emerging from the crystal the plane wave&g 
parallel to the entering wave, with the equation;*; 

ax+by+cz- (<-A)=0. (IIM?) 

At time,' t lt this plane must contain the 'po$% 
(*i,yi, d). Hence, 

A «= ti — (axi+byi+cd). 

The distance, p, of the plane wave .of Eq. '(IlMffl 
from the origin is therefore: . * * 



~p. m 't — A = £ — h+oxi+byi+cd, 
or, from Eqs. (III. 10) and (111.12): 



mm 



* T. . Preston, Theory of Light, 3rd Edition . (MacMillan 
Company, Ltd., London,. 1901), p. 397. . 
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"fa, for the extraordinary wave 



*Tf6r the ordinary wave 

ft=7j=0' = W. 

Jce the distances of the extraordinary and 
ffoary waves from the origin after their traversal 
r fMe crystal can be written, respectively : 



r / a'+&V 1 



(III.16) 



B'=>6+t/2 if e-w<0. 



fe retardation, n, is simply (p»-p,)/\ or: 

fffcq'uation (III. 17) is the exact expression for the 
Voids effect in uniaxial crystals. It is readily 
tffduced to the more convenient approximation of 
T$S(1II.4). Expanding the radicals, and neglecting 
iirth and higher powers of a and 6, we find : 

&^ § - u ^J^-l#+±4tfi+V)\. (111.18) 
^twL 2w 8 2e 2w J 

^ direction cosines can be expressed in terms of 
'fliiiid'fl by the transformation: 

ssinpsinfl'; &=»sinv cos0', 
fl'mfl if e-oj>0, 

I' 

Ration (III. 18) becomes, then: 

r ^/cobW sin l 0' 

iatipn (111.19) is identicalwlth Eq. '(III.4) for 
axial crystals. 

'lie corresponding exact equation for biaxial crys- 
•can be derived by the same methods, but the re- 
uig expressions become so lengthy and compli- 
S?d that it has not seemed worth while to. push 
" ' through. The accuracy of Eq. (III.4) is 
<juate for all practical purposes whether uniaxial 
a ipcial crystals are considered. • 
"should be noted that the. use of the equations 
qhromatic surfaces in the derivation of off-axis. 
Vdoes not lead to an exact result, since they 
Srived on the inexact assumption that the two 
Jonents of light polarized at right angles 
rle the crystal along identical paths. 

d > ■ • . - . 



(111.19) 



The usable field of a given filter is determined by 
the maximum permissible value of |»-»o| for the 
thickest 6-element. . 

The maximum permissible angle of incidence in 
the Climax filter in the 0 = ir/2 plane is 

<p = 0.025 radian, 
if we require that over the field 
|w-»oK0.1 
for the thickest fr-element. . 

IV. LYOT'S WIDE FIELD FILTERS 

The maximum total flux from a given light source 
that can be squeezed through a filter is roughly 
proportional to the square of the product of the 
filter aperture and the maximum usable value of v>. 
The aperture is limited by the sizes of available 
birefringent crystals, and it is therefore important 
to find means for obtaining large fields. The most 
obvious device is to find a birefringent material for 
which k is very small. Although the author knows 
of no such material which is available in useful 
sizes of optical quality, this is a definite possibility 
which should be investigated further. 

Lyot 8 has described three wide-field filters with 
compound elements made of available materials. 
They will be referred to as Lyot's first-type, 
second-type, and third-type filters. 

The first-type filter differs from the simple filter 
in having each ^-element divided into two equal 
halves by a cut perpendicular to the 0-axis. The 
second half of each element is rotated about the 
/3-axis until the a-axes of the two components are 
crossed. A half-wave plate is inserted between the 
components with its o-axis at 45° to the a-axes of 
the two. It serves to rotate the planes of polarization 
90°. Light which enters the first component from 
the direction (<p, 6) enters the second component 
from the direction ■(*», «+*/2). The retardation 
introduced by the assembled element is then : 



n m ^n{v, 6) <p, 

r /cos s 9 s'in a 0\T 

-4>+^(— -—)\ 



r /sin 4 fl cos a 0\1 



or 



The loci of constant retardation are circles with 
radii larger than the axes of the hyperbolas of a 
simple filter (in the fl»ir/2 plfine) by ; a factor of, 
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L%y/(,y—ot)~P. For a given tolerable value of 
| n—n 0 \ , the radius of the useful field can be further 
increased by a factor of VZ if we set the retardation 
at the center of the field at one extreme of the 
range. 

Lyot's first-type filter, unlike the simple filter, 
can be used only over 'a small range of wave-lengths. 
If the wave-length differs greatly from the optimum 
for which the half-wave plates are made, the 
residual light between transmission bands increases 
at the expense of light in the bands. The added 
residual light appears superposed on the field in the 
form of faint hyperbolic fringes very similar to the 
fringes produced by the equivalent simple filter. 
The fringes are loci of constant retardation, n', 
given by 



Equations (IV.4) and (1V.5) give «i and n,^ 
retardation of the assembled element can now] 
written 



n ™ no~\~ <p' 



H — + — ). 

V 71 7a / 



The second-type filter can be used over a'jft 
range of wave-lengths, although the fringes do ijj 
remain strictly circular throughout the ranges • : 
Lyot's third-type filter generally has the law! 
field. Each 6-element consists of three birefring 
components. Two of the components are of the as 
material and are mounted with their a-axes cros* 
The third is of a different birefringent material wil 
a k value opposite in sign to the h value for the fi| 
n 0 /l 1\ ' tw< > components. "It is mounted with its a-a! 

n'=> — V( -+- ) cos20. (IV.2) parallel to that of one of the first two. By a proi 

2 \7 «/ choice of thicknesses it is always possible to ml 

» constant over the whole field within the accural 
of Eq. (Ill A). 

Let «i, (J i, 7i and at, £„, 79 be the refract! 
indices of the crystals composing the single coiiri[ 
nent and the two crossed components, respective 
The crystals must be selected to satisfy the con 
tion 



If, however, the filter is either used for one wave- 
length only, or supplied with interchangeable half- 
wave plates for the different spectral regions, its 
performance is highly satisfactory. This is one of 
the many instances where the development of an 
achromatic half- wave plate would be very useful. 

. Lyot's second-type wide-field filter has compound 
6-elements of two components of different materials. 
The quantity h . is of opposite sign in the two 
components, which are mounted with their a-axes 
parallel. No half-wave plates are required. 

Let «j and n a be the retardations arising from 
the first and second components for light entering 
from the direction <o=»0. The retardation for the 
assembled element is then : 

[/cos s 0 sin*0\n 



ai7s>7ias< 

Let n„ be the retardation of the single compo'ne 
arid fib and n 0 the retardations of the two comj 
nents of the same material. Let the a-axes of 
a and b components be in the 0 = 0 plane, and] 
a-axis of the c component in the 0-tt/2 pli 
Then 

[/cos'0 sin»0\T 
1+ ^'(-^-tt)] 



[/cos 8 0 sin s 0\ "I 



■,Wi 



n =n 0 -f v>'| cos'S I 1 ) 

V 71 7a / 



where now 



-sintyf 

\ ax 

fln^Wi-t-Wa. 



»a«a\ "] 

17) r 



(IV.3) 



(IV.4) 

. It is evident that while the coefficient of cannot 
be made to vanish by any choice of »i and n», we 
can obtain circular fringes by eliminating 0. The 
condition is" 



T /sin»0 cos'flxV.'JS 

~ )J; : ( ! 

If we set n a +n,,—n B -no, and require tha-tj' 
coefficient of v> 9 vanish, we find 

«o t / 1 1 v 

no / 1 1 \ i. 

fl* = — kikil r J, ■ . ' 

A. >-7i78 . «iaa/ 
, ; • . n e ~%ik t (— — LV l 

A \ai7a yiai/ 
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(IV.9) 



irdation of the assembled element for any 
i (tfi, 0) is then : 



n = n a -\-ni) — n 0 «= wo. 



(IV.10) 



hird-type filter, like the second-type, can 
over a wide range of wave-lengths. The 
it of (ff, however, will generally vanish 
Iy at only one wave-length, 
esign of a wide angle filter does not neces- 
quire that the thinner elements be com- 
Their transmission bands are so broad that 
■.t shift in wave-length for off-axis rays is 
e in comparison. If the higher order com- 
ements are made of two materials, however, 
ot be possible to use transmission bands in 
eparated regions of the spectrum, because 
jrsions of different materials are generally 
tly proportional. If the rth element is the 
simple element, (n r+ i)/n P =>2 at only one 
«th. 

Jlowing sections are devoted to the theory 
is modifications of birefringent filters which 
>n recently developed. 

V. THE SPLIT ELEMENT FILTER 

plit-element filter resembles Lyot's first- 
ir, and shares its wide field characteristics, 
f-wave plates, however, are replaced by 
ent elements, and successive polarizers are 
After the initial polarization, it requires 
f as many polarizers as the equivalent 
Iter. The result is a considerable reduction 
Jtion and scattered light if film polarizers 
or a notable saving in bulk and expense if 
g prisms are used. 

plit-element filter has already been de- 
oriofly. 8 A more detailed account of its 
given here. 

;le unit of the split-element filter (which 
i mounted between crossed polarizers) is 
hcmatically in' Fig. 4. The *, y, and z axes 
e n rectangular coordinate system. Tho 
r and s axes In the xy plane bisect the 
'tween the positive x and y and the positive 
gativfi * directions, respectively. The unit 



ns, Genua e InvcaCiguclon (Argentina) Vol. Ill, 
65 (1947). . 
» 




Fjo. 4. Birefringent components of a aingle unit of n. split 
element niter. 



consists of a split element with components m and 
g, and a simple element, P, sandwiched between m 
and g. They are all mounted with /3-axes parallel to 
the z axis. The y-axes are aligned parallel to the 
x, r, and y directions, respectively, in the m, p, and 
q components. Let the thicknesses of m, p, and q be 
d m , dp, and d„, and let the unit of time be the 
vibration period of the light. 

Assume that the entering light is polarized in the 
r plane. The transmissions of the unit for emerging 
light polarized in the r plane and J plane, are to be 
determined. 

The vibration of the entering light is 



r-o sin2Tr<. 



(V.l) 



This can be resolved along the x and y directions 
giving ... 

*-(a/vZ) sin2ir/, y => (a/v7) sin2iri. (V.2) 

In traversing m, a phase difference is introduced 
and the vibration of the emerging light is 



x m >= (a/v2) sin2ir(i-d m 7), 
(a/v2) sin2ir(J-tf w a). 



(V.3) 



The resultant disturbance along the r and s axes is: 

r m »=o costtWo, siri2ir/', ,y ^ 

Sm ^a sinirn m cos2iri', * ' 1 

where 



*' = *_(d,„/2X)(«+7). 

In the traversal of p, an additional phase difference 
is introduced ; 



r„=»a C08Tr«m sin2ir[Y — (rf„A)y], 
s v = o siri7m m cos2ir[Y — {d 9 /\)txj. 



(V.S) 



Resolving this vibration, along the *and y axes, and 
adding the phase difference due to transmission 
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Fig. 5. (a) Phase Bhlfter of two ', 
quarter-wave plates, (b) Phow : 
snifter of one half-wave and two :-' 
quarter-wave plates. 



(V.6) 



through 2, we obtain 

a ■ n ( , d > d " \ 
Xg= — C03ir»ffl sin2irl t ——y « ) 

VZ \ X X / 

o / dp dt, \ 

■ sinira m cos2ir( I' a a ) , 

VZ \ X X / 

a / dp, d q \ 

y, = — C037r» m sin2ir( /' y y ) 

vZ \ X X / 

a / d p d„ \ 

H sinirn w cos2ir( t' a y ). 

VZ \ X X / 

To determine the Anal transmission through a 
polarizer with its axis along either the r or $ direc- 
tion, we must resolve this vibration along the r 
and s axes : 

r a =>a cosrtim cosH-Ha sin2ir[f" — (d p /\)y] 

-f-0 8imr» m sin7T» a sin2irft" — (^j>A)«]i t\r >j) 

j c ««a sin7r7tm cos7r» a cos27r[i" — (dp/X)^] * ' ' 
—a cos7r» m sinirn 0 cos27r[<" — (dp/\)a], 

where 

l"~t-l{d m +d a )/2\-]{«+y). 

Let the emergent amplitudes be A, and A,. The 
transmissions in the r and s vibration planes are, 
then : 

r r = A r 9 /a 9 - cosV(n m - n a ) 

— sin2ira M sin27rn 0 siriVn,, 
T.-i4 , .»/a'-8in»ir(«.-«,) 

+sin27r» m sin27r« a sin 3 ir» p . 

In the split-element filter the m and q components 
are made of equal thicknesses. Hence 

Jf we let 

rij = 2n n , == 2w Q , 

Eqs. (V.8) reduce to: 

T r « 1 — sinVny sin'iro,,, 
. t, "asin a 7r/tysin*irm,. 



,(V.9) 



The transmission of an element of Lyot's first 
type filter is r, in Eqs. (V.9) if we set n p = \. 

The transmission of a unit of the split-elemeii 
filter is Ti. A split-element filter of I elements ha 
exactly the same off-axis characteristics as a fiite 
of Lyot's first type with the first 1/2 element 
simple, and the 1/2 thicker elements compound 
Whether the field is limited by the simple element 
or the compound elements depends upon whethe 
or not (»»/»!/«) COy— <x)/(2y)~] is greater or less thai 
1. If the simple elements limit the field, they can 
of course, be made compound in any of Lyot' 
three types. 

The transmission of an assembled split-elemeii 
filter composed of two-element units betweei 
crossed polarizers is : 

T — sin'mi sin s 7r7t s - • -sinVni. (V.10 

Since transmission bands occur only at wave 
lengths for which all the n'a are half-integral, th 
»'s cannot be simply proportional to the powers o 
• 2. If we let «=>n'+i at the wave-length of i 
particular band, the best we can do is to make th 
values of »' proportional to the powers of 2. Thu' 

n r =2-~V+4. . (v;it 

The transmission can then be written 

T=>cos'irai' cos s 7r2n/- • •cosV2'- 1 fli'. (V|'f| 

Unfortunately Eq. (V.ll) can be strictly valid a 
only one wave-length, and the usefulness of. th. 
filter is restricted to a limited spectral region in P\ 
neighborhood of that wave-length. This is a secoJi! 
instance where achromatic half wave plates woui 
be useful. If the r-th element of the filter.. *«f 
made to give a retardation «» 2 r -W ) the additi<| 
of an achromatic half-wave plate (two quarJ| 
wave plates for split elements) would satisfy M 
(V.ll) at all wave-lengths. . ^ 

The thought will doubtless have occurred t<?/ 
reader that the middle element in each unit . 
split-element filter could itself be split, and aj f 
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A&i'etLt inserted between the halves. This plan 
not work theoretically, and so far no arrange- 
has been found that allows more than two 
! JfcJnents in a unit between successive polarizers. 

ML filters of adjustable wave-length 

*&'L is obvious that the usefulness of the bire- 
fr'&n&it filter is enormously enhanced if a trans- 
|Son maximum can be adjusted to center on any 
rSed wave-length. The fine adjustment resulting 
feffidtiie control of temperature is generally quite 
Sequate as it has a range of only a few angstroms 
•■Sough Lyot found that" with the aid of tempera- 
•S control it is possible to bring no less than six 
WtHe maxima of a quartz filter into coincidence 
lines of ?najor importance in the solar spec- 

1 We obvious method of controlling the wave- 
of the transmission bands is by means of 
of variable thickness, made of pairs of 



y'Jkll 



Sges which. can be adjusted with respect to each 
fother like the components of a Babinet compen- 
igtor. It is then possible to set 
i'l »i=» an integer, 

tftd. • 



II any chosen wave-length. Such an arrangement 
M perfectly feasible and works equally well at all 
-^ve-lengthB. In the split-element filter, both 
f .Jves of the split element must, of course, be 
iiafjuetable since n m -« fl = 0. The range of variation 
,% thickness need be only sufficient to shift the 
Wcipal transmission maxima of the filter through 
•grange equal to their separation. With a proper 
#oice of wedge angles all the movable wedges can 
^mounted and adjusted as a single unit. 
Although theoretically excellent, the vanable- 
dekness filter requires considerable mechanical 
Tnement, and one wedge in each element must 
h an aperture much larger than the instrumental 
iesrture (a matter of importance in filters of large 
ierture). The use of phase shifters for wave-length 
ftiiustment is simpler and, for most purposes, 
9'vially satisfactory. If achromatic phase shifters 
| be devised, they will give results as/theoretically 
'feet as variable thickness, 
'lippose we equip each 6-element of a niter with 
>hase shifter which permits the addition, of a 
|U' controllable phase difference, 2ir{, to the 
e difference, 2irw, introduced by the 6-element. 
transmission of the filter is then 



halves of the split elements .to keep n m -n fl =0. , & 
transmission maximum of the filter can then be 
centered on any given wave-length, X lt by adjus mg 
6 until n+* is an integer for each element. This is 
always possible if € can be adjusted over the range 
-4 to +i ^ the phase shifter is achromatic, i.e., 
f is independent of wave-length at a given setting, 
the result is merely a shift of the transmission curve 
of the filter along the spectrum and its performance 
is equally good at all wave-length settings If, on 
the other hand, { is a function of wave-length, the 
spacings of the transmission maxima of a given 
element are altered. Hence the relative positions of 
the transmission maxima and minima of the differ- 
ent elements depart more and more from exact 
superposition as the wave-length departs from M. 
The result is an increase in the residual light 
transmitted in the intervals between principal 
maxima of the filter as |N-Xi| increases. _ 

Lyot 8 and Billings' have both made numerical 
calculations of the additional residual light resulting 
from the use of non-achromatic phase shifters. 
They concluded that over a reasonable wave-length 
range (which can readily be isolated with glass or 
gelatine filters) the increase in residual hght is 
negligible. The- adjustment of wave- ength with 
phase shifters is therefore a practical possibility 
whether the phase shifters are achromatic or not. 
Several forms of variable phase shifters have 

been proposed. 

Lyot 8 made elements of variable thickness like 
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, r , with.the split-element filter, the added phase 
We must be divided equally between the two 



b 

FiO. 6. (a) Simple filter ot three elements with qwrter^ye 
plate phase ahifteVa. (b) One un t of a split element filter with 
fractional wave plate phase snirters. 

o Bruce H. Billinja.-J. Opt. Soc. Am, 37, 738 (1947). . 
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those described above for the variable thickness 
filter, but with the difference that the range of 
adjustment of retardation was restricted to one 
wave-length. . 

Billings 0 made an experimental filter with photo- 
elastic phase shifters composed of sheets of poly- 
vinyl butyrate under adjustable tension. 

While both these arrangements give a satisfactory 
wave-length adjustment, they are tedious to use. 
Ordinarily each element must be individually ad- 
justed. The alternative is a complicated mechanical 
synchronization of the adjustments of all the ele- 
ments, which would make operation with a single 
control feasible. Without some such arrangement 
it would be impossible to vary the wave-length 
continuously. , 

A much more promising approach is the use oi 
the electro-optical phase shifters discussed by 
Billings. 8 A plate of the uniaxial crystal ammonium 
di-hydrogen phosphate (NH^HjPO*), known com- 
mercially as PN, cut perpendicular to the optic axis 
aiid mounted between transparent electrodes, be- 
comes biaxial and exhibits a retardation when a 
potential difference is applied to the electrodes. 
The retardation is proportional to the potential 
difference and is independent of the thickness of the 
PN plate. A filter made with a Billings plate added 
to each element (to each half of the split elements 
in the split element filter) could be adjusted 
electrically, and the problem of synchronizing the 
phase shifts of successive elements would be rela- 
tively simple. At the present writing Dr. Billings 
is actively engaged in the development of such 
electrically tunable filters. 

All three tuning methods have one difficulty in 
common. It is impracticable to push the phase shift 
beyond a very limited range. If a range from — ir 
to + v i s adopted, a continuous variation of wave- 
length involves a discontinuous adjustment of each 
phase shifter. The phase shift must progress 
smoothly from -ir to +*• (at a rate proportional 
to the thickness of the associated o-element) and 
then jump back to -tt. For most purposes there 
may be no serious disadvantage in this. If, however, 
the filter is to be used for spectrophotometric work, 
for example, it may be very difficult to avoid a 
spurious bump in the filter transmission every time 
a phase shifter passes a point of discontinuity, even 
. with the electrical tuning, For such special purposes 
phase- shifters composed of rotating fractional wave 
plates can be used. They have already been de- 
scribed briefly." A fuller account of their theory is 

given here. . ' 

The specific problem is to. devise a. combination 

of fractional wave plates which will alter the phase 
difference between the vibrations along two mutu- 
ally perpendicular axes, * and y, by any chosen 

i ! i'i 1 I H Hi it i 



amount, without altering their amplitudes. At a : 
given wave-length, this is equivalent to a variable 
thickness of birefringent material with its 7-axfc 
along the * or y direction. Such an arrangement is 
shown at a, Fig. 5. It consists of two quarter-wave, 
plates. The first is fixed with its <y-axis along ther,:, .-. 
axis (at 45° to the * axis). The second can be 1 ,: 1 
rotated around. the instrumental axis. At a given., 
setting its r-axis lies along the r' direction at anglr 
p to the r direction. t 

The vibration of the light entering the system is. 
generally represented by 

*~&sin2jr*, y «c sin2ir(l+(r). (VI.2).. 
Resolving this vibration along the r and * axes and 
adding a phase difference of ir/2 introduced by the 
first quarter-wave plate we obtain for the emerging |r 
vibration: 

r- (6/v2) sin27r*+(c/v5) sin2ir(<+<r), (V j « 
s - - (fc/vZ) cos2ir<+ (c/v2) cos27r(i+ <r) • 
Resolving this vibration along the r' and s' axes I 
and adding another phase difference of tt/2 intro- 
duced by the second quarter-wave plate, we obtain,; 
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r'~(Vv2) sin[27r/-p] 



+ (c/VZ) sin[>r(i-r-<0 + p3. 

(6/VZ) ain[>*-p] % „ 

-(c/v2) sin [27r(H- + 



(VI.4) 



Finally, if we resolve thiB vibration along the i <j 
and y' axes, at an angle of p+(ir/2) to the x andyj 
axes, we obtain for the emerging vibration : s 

sin[27r*--p], (VU)-1 
y-CBin^iKM-erHp-fT]- ^ 

A comparison of Eqs. (VI.2) with (VI .5) showjl 
that while the emerging amplitudes along * and £| 
are the Bame as the entering amplitudes along. 
and y, the phase difference has been increased fro^ f 
2ir<r to 27nr+2p+jr, i.e., the phase shift, 2irf, is j| 
2 1 r{ = H-2 P . (Vi| 

Obviously the phase difference can be set to an 
desired value by adjusting p.. 

This two-element phase shifter has the disi 
vantage that the *' and y' axes rotate with tnj 
second quarter-wave plate. For some application 
this is no inconvenience but in others it render|, 
thiB phase shifter useless. The *' and / axes cs% 
be restored to parallelism with the * and y axe ?3, 
the addition of a rotatable half-wave plate, wnic| 
has the property of reflecting any polarization.figU: 
iii its 7-axis. . . 

The most convenient system, shown at "•."'•a™ 
consists of two fixed quarter-wave plates with >y|j 
rotatable half-wave plate sandwiched betw? 
them. Suppose the <y-axeB of both quarter-^* 
plates are. in the r direction > while the ^-axis ol 
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half-wave plate ie along the u direction at an angle 
'a to the r direction. 

The vibration emerging, from the first quarter- 
wave plate is given by Eq. (VI. 3). Resolving this 
vibration along the u and v axes, and adding a 
phase difference of ir, we obtain for the vibration 
emerging from the half-wave plate: 

w «(&/vZ) atn[2irf-£l 

+ (c/v2)8in[>(*+er)+£] 1 , V[7 . 
cospirf-*] ' 

-(c/V2) coe[27r(i+<r)-f^]. 

Resolving this vibration again along the r and J 
axes, and adding a phase difference of 7r/2, we 
obtain for the vibration emerging from the second 
quarter-wave plate : 

r«(i/vZ) sin[27r/-2^] 

-Kc/v2)BinI>(/.+ cr) + 2£], fV , m 

+ (c/y/2) sin[2ir(*+<r) + 2£]. 

Finally, resolving this vibration along the original 
* and y axes, we find 

y = csin[27r(i-f-<r)-r-20 lv,,y; 

The phase shift introduced by the three-element 
system is, therefore, 

2t«-4^. (VI. 10) 

The principal advantage in the use of fractional 
wave plate phase shifters , in birefringent filters is 
in the possibility of a continuous variation of wave- 
length without discontinuities in the adjustment of 
the moving elements! Since p or ^ can be increased 
or, decreased indefinitely, 2w{ is not restricted as it 
'« in the other types of phase shifters discussed 
above. 

It should be noted that the fractional wave plate 
phase shifter is in a sense achromatic, since { is 
'^dependent of the wave-length for a given value 
of p or ^ — a vei ; y desirable property (see the 
discussion following Eq. (VI. 1)). With ordinary 
quarter- and half-wave plates, however, this ad- 
vantage is somewhat, illusory. Their usefulness is 
limited to the rather restricted region of the spec- 
trum where their retardations are very close to 
Quarter-wave and half-wave. This is another appli- 
cation where the desirability of achromatic frac- 
tal wave plates is evident. 

W continuity of adjustment over a large range of 
the Bpectrum is a necessity, the fractional wave 
Plates. themselves could be : made adjustable. The 
^dition of an electro-optical Billings plate to each 
factional wave plate would perhaps be the simplest 
, ^ethod. A relatively moderate potential applied to 
tlle Billings plate would then adjust the retardation 
^urately to a half-wave or quarter-wave at the 



wave-length of the transmission band of the filter. 
This seems a rather desperate measure, however. 

The construction of the fractional wave plate 
phase shifters is considerably simplified when they 
are used in birefringent filters. Some of the quarter- 
wave plates simply take the form of an addition to 
the thickness of the birefringent elements. In in- 
stances where the 7-axis of a quarter-wave plate is 
parallel or perpendicular to the axis of an immedi- 
ately following polarizer, it is evident that the 
polarizer utilizes only one component of the vibra- 
tion emerging from the quarter-wave plate. The 
w/2 phase difference therefore serves no real 
purpose, and the quarter-wave plate can be omitted. 

Consider first an element of a simple filter. 
Suppose the (-element, oriented with its 7-axis 
along the * direction, is followed by a quarter-wave 
plate with its 7-axis along the r direction. If we let 
ft-c-a/Vl, / = i'-(d/2X)/i, and <r=(d/X)p, Eq. 
(VI .3) for the vibration emerging from the quarter- 
wave plate reduces to : 

r-a costt» sin27ri', 5™a sinirn smlirt'. (VI. 11) 

This is a linear vibration at an angle of ir» to the 
r-axis. We can omit the second quarter-wave plate 
and let the light enter a polarizer with its plane of 
polarization at angle p to the r axis. The transmis- 
sion of the assembly is then 

T-cos'Om-p). (VI. 12) 

By adjusting p (i.e., by rotating the polarizer) until 
n\— p/7r = an integer, we can set t=»1 for any 
chosen wave-length. 

Lyot 8 has utilized this device to effect a slight 
shift in the wave-length of the transmission band 
of his filter. He used a quarter-wave plate with the 
last (thickest) element, and provided for the rota- 
tion of the final polarizer. The same method can 
be applied to the whole filter, however. 

An adjustable simple birefringent filter would 
consist, then, of a series of units shown at a, Fig. 6, 
each composed of a polarizer, a birefringent clement 
with its 7-axis at 45° to the axis of the polarizer, 
and a quarter-wave plate with its 7-axis parallel to 
the axiB of the polarizer. The three parts of each 
unit remain fixed with respect to each other, but 
the unit itself must be rotatable around the instru- 
mental axis. The angle p, is then the angle between 
the 7-axis of the >*th quarter-wave pjate and the 
axis of the immediately following polarizer. The 
birefringent elements have the same thickness as 
in the non-adjustable filter. "The transmission of 
the whole is 

t = cos 1 (7t»»i— pi) co8 s (ir2ni— pa)- • • 

, : Xcos a (7r2'-'»i-p;), (V1.13) 

and ■ • : 

. . : pi «= 2.^1. .!■•■•'. (VI. 14) 

: -'--:':iiitillil'iiil]- f 
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Since the values of p ure proportional to the powers 
of 2, it is a relatively simple matter to devise a 
gear train by which the wave-length of the trans- 
mission hand can be adjusted with a single control 
knob. A continuous variation of wave-length now 
involves no discontinuity in the adjustment of the 
various units, since p can be made to increase or 
decrease indefinitely. 

Matters are somewhat more complicated in the 
split-element filter. The wide field characteristics 
depend upon the m and q components being crossed. 
Hence the phase shifts must be accomplished with- 
out any relative rotation of the two. Various 
arrangements are possible, some of which involve 
rotation of the center ^-elements, or rotation of the 
unit as a whole with respect to the polarizers, or 
both. However, the unit shown at b, Fig. 6, is as 
simple as any. 

The orientation of each element is indicated in 
the diagram by the short line above it for the fixed 
elements, or by the symbol (^ ma /2) or \f> p for the 
adjustable half-wave plates. The angle (tfw/2) or 
\f/ P is the angle between the 7-axis of the half-wave 
plate and the 7-axis of the preceding quarter-wave 
plate. The second quarter-wave plates following m 
and p are indicated as an addition to the thicknesses 
of p and q, while that following q has been omitted, 
since its y-axis would be parallel to the axis of the 
following polarizer. The transmission of a split- 
element filter composed of such units is 

T = ncos 9 (Trn,-2^--). (VMS) 

r-l V. 2/ 

It should be noted here that the built-in quarter- 
wave plates which are added to the thicknesses of 



the p- and g-elements are. not included in the 
calculation of n for these elements. 

The values of should be proportional to n,\ n . 
Kq. (VI. 15). Hence if n r «2'-'(»i-*) + 4 as in the 
non-adjustable split-element filter, the ^'s are pro. 
portional to large odd numbers, and the problem of 
synchronizing the rotations of the half-wave plates 
becomes complicated (but not at all impossible), 
If, on the other hand, the n's are made proportional 
to the powers of two, the phase changers can 
compensate for the subtraction of j from each 
value of n in addition to their normal function. 
Then 

(VI.16) 
(VI.17) 



and 



2^-ir/24-2'-'[2^i-(ir/2)]. 



Since a rotation of the zero point from which angle 
\f> is measured to tt/4 reduces this equation to 



2*/-2-Wi'). 



(VI.18) 
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Fio. 7. (a) One farm of polarizing interferometer. (I>) High 
resolution fitter com potted of polarlsslnR intcrfflroineterH nrtd 
blrefrlngent elements, *:■,>; \ 



it is evident that the variable parts of the ip'a an 
proportional to the powers of two, and the problen 
of synchronization becomes relatively simple. 

The synchronization of the other types of phoffl 
shifters (variable thickness, photo elastic, or electri 
optical) is similarly simplified in a split elemen 
filter by constructing it with w's proportional t 
powers of two. Equations (VI. 14) and (VI.17 
apply if we substitute ir£ for 2^. 

A final remark about filters of adjustable wave 
length seems worth while. The birefringent element 
need not be made to any exact thicknesses as in th 
fixed wave-length filters. It is desirable, but nc 
necessary, to preserve the relation »,=»2 r ~ , rti ti 
closely as possible, since the synchronization of th 
various adjustments is then easier. There is n 
necessity, however, for «i to be an integer for an 
specified wave-length. This simplifies the constru' 
tion somewhat. If ju<0.03, the thicknesses of tl 
elements can be adjusted with sufficient occurac 
by mechanical measurements alone. The ern 
tolerance in thickness is inversely, proportional 
H and is about dbO.001 mm for ju>=0,03. 

VII. MATERIALS FOR BIRBFRINGBNT FILTERS 

. For the benefit of potential builders of bn 
. fringent filters, a brief discussion of available rn 
lerials is given below. It must lie emphasized tn 
the list given is certainly far from complete. * 
author simply lists materials which have come 
his attention and cither have been successfa 
used, or look promising. Unfortunately, .la* 
..time has prevented a really thorough search ' 
suitable and available materials, and it would 
isurprising if some very useful ones had . not 0 
: overlooked. ' 
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■ Some of the desirable properties of crystals for 
k- fringent fi | tera are a | ar ge value of n with a small 
SUerature coefficient ; a high degree of hardness; 
hemical stability and insolubility in water; high 
Suisparency in the region of the spectrum for 
vhich the filter is to be used; and availability in 
Irse Pieces of high optical quality. 

For filters with band widths of 3 angstroms or 
more, quartz is an ideal material. It is excellent on 
all counts except for its rather small value of 
!(-0.009). The birefringent elements of all the 
Stronomical filters now in operation are made of 
quartz except for the final element of Lyot's filter, 
which is cdlcice. 

Calcite would be excellent for elements of large 
n values if it were readily available in large sizes. 
Unfortunately it is so difficult to obtain that its 
general use in filters is probably impossible. While 
.it is not as easily ground and polished as quartz, 
it presents no real difficulty. ji = 0.l7. 

Gypsum occurs naturally in large crystals and 
should be readily available. Its birefringence is 
•similar to that of quartz, and it should be useful in 
the same places. Unfortunately, it is quite aoft 
and might be difficult to polish, m - 0.009. 

Ammonium di-hydrogen phosphate has excellent 
optical characteristics, although it is sensitive to 
pressure and must be mounted with care. It la 
available in large sizes. Its optical working hns 
. proved rather difficult, though not impossible, and 
. its high solubility in water necessitates careful 
protection from atmospheric moisture. /* = 0.045. 

Ethylene diamine tartrate has promising optical 
characteristics accompanied by the disadvantages 
of high solubility in water and softness. The author 
knows of no attempts to polish it, but it would 
probably be quite difficult. It is available in large 
..sizes. = 0.084. 

•'■ Sodium nitrate has a larger M-valuo than cul- 
.! cite, and should be useful for elements of large 
it-values. However, it is very soluble in water and 
difficult to work. At present it is not available in 
large sizes with the necessary homogeneity. m"".0.25. 

Vlli. POLARIZING INTERFEROMETER FILTERS 
.. An account of birefringent filters should not be 
: closed without some mention of the polarizing 
interferometer, a device which has the effect pf an 
impossibly thick birefringent element. Jt offers the 
Possibility of filters of very high resolution with 
yp^A widths in the range of hundredths or thou- 
sandths of an angstrom. The advantages of the 
^Polarizing over the usual forms of interferometers 
p 8 In the possibility of an accurate and stable control 
<cM the- wave-lengths of transmission maxima (by* 
eahs of phase shifters) and a high light efficiency; 
.The. essential feature of the polarizing interpr- 
eter is that the emerging light consists of two 



coherent sets of waveB which differ in phase (be- 
cause of path difference) and are polarized at right 
angles to each other. The effect is similar to that 
of a birefringent element, and a scries of polarizing 
interferometers can be used exactly like a series of 
birefringent elements to construct a filter. The 
wave-length of the transmission band can be 
controlled with adjustable phase shifters, and 
interferometers can be sandwiched between bire- 
fringent elements to form split-element units. 

The advantage of the polarizing interferometer 
over a simple birefringent element iB that very large 
values of w can be obtained in a comparatively 
compact element. The saving in bulk may not be 
important, but the difficulty of obtaining bire- 
fringent material in very great thicknesses is 
significant. An element of calcite, for instance, must 
be about eleven times as thick as a path difference 
in glass. The principal disadvantage is the expense 
of construction common to all interferometers of 
the split amplitude clasB. The field is small for 
large values of n, and while it is theoretically quite 
simple to make a birefringent field compensator, 
it is impractical because the thickness of bire- 
fringent material required nullifies the advantage 
of compactness. 

Many forms of polarizing interferometers are 
possible. One type which is well adapted for the 
construction of filters is shown at a, Fig. 7. It is a 
modified solid Michelson interferometer with a 
polarizing beam splitter. It consists of two glass 
prisms, A and B, with a very thin slip, b, of aodium 
nitrate (or other highly birefringent material) . 
cemented between them with its optic axis normal 
to the surface, if the angles are properly chosen, 
the &-laycr totally reflects the light vibrating in the 
plane of the drawing and transmits the light 
vibrating at right angles to it. A spacer element, 
C, introduces a path difference. Surfaces S and T. 
are silvered or aluminized. Light which enters in 
the direction OS, emerges in the reverse direction, 
SO, in two components polarized at right angles, 
with a phase difference given by 

2t™ -47r(M'AVIc cos? (VJII.l) 



where n' is the refractive index and <p is the angle 
of incidence on 5 and T. The prism P (constructed 
like A,B) has the double function of polarizing 
entering light and separating out the desired part 
of the emerging light. Jt is shown in an incorrect 
orientation for simplicity in drawing. Actually 
prism P is rotated about the OS direction, to bring 
its axis to an angle of 45° to that of prism AB. 
The transmission of the whole assembly for light 
emerging in the R direction is then 

• T=sih%»; .' . cvii j. 2) 



The remainder of iKe light emerges along SO. 
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The moat serious difficulty in the construction of 
such an interferometer is the optical working and 
cementing of the Mayer to the required accuracy. 
The orientation of the 5 and T surfaces with respect 
to ench other is not so critical, since a slight 
misalignment can be compensated by a thin wedge 
of birefringent material between prism P and the 
interferometer. 

One method of using polarizing interferometers 
combined with birefringent elements in a 'filter is 
shown schematically at b, Fig. 7. Between each 
polarizer, P, and the following interferometer, /, is 
a i-element, which constitutes the m (for entering 
light) and q (for emerging light) components of a 
split element. The interferometer then takes the 
place of the p component. Between successive 
polarizers are purely birefringent split element 
units. The assembly includes 4 interferometers, 4 
polarizing prisms, and 10 ^-elements. The interfer- 



ometers and 6-elements should be equipped 3 
phase shifters (not shown). As an example tfi 
interferometers might have retardations of 24s\^ 
122,880; 61,440; 30,720; and the J-elemente 3 
tardations from 15360.5 to 30.5 at X = 5Q00 an ■ 
stroms. The system would transmit bands of aboJl 
0.01 angstrom effective width, spaced about is 
angstroms apart. Adjustment of the phase shlftfefi 
will cause a selected band to scan the spectrum H> 
If the light transmitted by the filter is receivel 
on a photoelectric cell, its output gives a h5 
resolution spectrophotometric curve of the enterinf 
light. Such a filter would be preferable to a gratfog 
spectrograph for spectrophotometric purposes '■Ma 
cause, in spite of its small field (maximum usable! 
about 0.0012 radian), it can be designed to tranarni! 
something like 1000 times as much light—a mattei 
of considerable importance when such sharp bands 
are used, even in solar studies. 
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One hundred and twenty men (86 color-normal and 34 color-deficient) were tested with S twetido. 
Isochromatic tests of color vision: the American Optical Company, Ishihara MevnZtE rK™ 
and Boswrn-Kugelbey tests. Each of the men J also JS^'^S^S^^SS^ 
spectrophotometer to determine his limit of visibility in the lone wave-!en*th and rf?k. ««~ 
^. Twelve of the color deficient subjects had reduced i3SV^£Sti^SS!S '' 

te-oiXa^ . 
were found to be worthless for this purpose, the Meyrowite SnnXhM?! S^T^*** 
plates best. None of the plates In the other' two J^(S^\!b^^S! ' ™ • 



. '3 

• _ y 

MARCH,a» 



L INTRODUCTION 



purpose of this article to report on the diagnol 
efficiency of these charts; They appear in" 



following tests : 



TN a recent article, 1 the author reported in detail 
* on the comparative efficiency of five pseudo- 
ispchromatic tests for separating color normal from 
color deficient individuals irrespective of the type 
of color deficiency involved. For some practical 
purposes, however, it is important to know the 
kind of color defect a person has, and a test which 
could clearly differentiate between the various types 

of color deficiency would' be useful. Three of the ?• a. uwmni Tests for Coiour-Biindness (9th Edl 
five tests studied contain charts for differentiating f fin J ed £yKanehara and Company, Tokyo, 1940. Dief'! 
veen protanopes and deuteranopes. It is the . y , H - Stoelting Company, Chicago, Illinois. __j3j 

The two other tests used in this study Ml 
following: . \ M 



tJ'rn'M Bostrflm: Tabulae Pseudo-Isochromoticaer 
J iL Z.? ? and ,"J! ^ningar i P&rgsinnet. Printed by- 
Stockholm Di8trib '"ed by the Nordiska Bo« 

2. Pseudo-Isochromatic Plates for Testing Color. Perm 
(American Edition). Published by the E. B. Mey| 
. Surgical Instruments Company, Inc., New York, 1940 
& - lahihara: Tests for Colour-Blindness (9th Ed 



between protanopes and deuteranopes. It is the 

* The writer is indebted, to Mrs. Mary Lamb, engineering; 
**'.fe r h f r '"valuable assistance in this study. 

„ rhe f ! a t ft Of this study were collected while the author 
was Captain, Air Corps, in the Aero Medical Laboratory, Air 
Materiel Command, Wright Field, Day ion, Ohio, 
i i " ii '» " comparative study of five tests of color 

vision," J. Opt. Soc. Am. 38, 626-649 (1948). 



4. Pseudo-Isbchromalie Plates for Testing Color, jrm. 
f„o ffra M 0C| Sr nd , prlrited fa y the B «=cJc Engraving ffl 
ComhSv y^fejff 0 ' Debuted by the , AmerlcH 
Company, Southbridge, Massachusetts. 
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Sole Birefringent Filter 

John W. Evans 

Sacramnto Peak Observatory, Geophysics Research Directorate, AFCRC, Sunspot, New Mexico 
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be^XcribedKlJ 1 SffiK?? ° f t "t 8 °! retardatI °' 1 P"**" between a single pair of polarizers has 
oeen described by Sole. The filter is analyeed and compared with the Lyot filter. It is found that th« Snlr 



e*-(-l)*H(V2). ( 2 ) 

Sole determined experimentally that both forma of the 
filter appeared to work beat when a«7r/2», where 
»«=the total number of plates. He states further that 



to S A in width have become standard tools of solar w >~ l)a, (l) 

— w a h nd e SS ^SLStt^^ ^XZ^"* 8ha11 " e - 

possible simplification or improvement would be we£ al^'SS^'faS? a^d ^TtT^'i 
corned. A new form of birefringent filter recently de- given by ~ 8 

veloped in Czechoslovakia is therefore worth examina- 
tion, and comparison with the Lyot filter. 

In 1953 to IMS Ivan Sole 1 published three papers on 
a new form of birefringent. filter which he apparently 

developed and investigated purely by experiment. He - ~ «um UCi oi piates. xie scares zurtner that 

does not give a general expression for the transmission the curve ° f transmission as a function of wavelength 
of his filter as a function of wavelength because of its closel y resembles that of a Lyot filter in which the 
mathematical complexity. He did, however, succeed in thinnest element (which fixes the spacing of the bands) 
determining its more important characteristics experi- has the same thickness as one of his retardation plates 
mentally with considerable accuracy. The purpose of ' 
this paper is to derive an expression for the trans- 
mission of the Sole filter, and to compare its perform- 
ance with that of the Lyot filter. 

The Sole filter consists of a pile of identical retarda- 
tion plates of birefringent material, with only two linear 
polarizers, one at each end. Figure 1 shows the arrange- 
ment. The plates are cut, as in the Lyot filter, with the 
crystal optic axis parallel to the surfaces. Sole describes 
two possible arrangements of the orientations of the 
axes of successive plates, which we shall term the fan 
and folded filters, respectively 




7 




Fio. 2. Transmission curve of a Sole filter of 16 plates as a function 
of the retardation, y, of a single plate. . 



Let *. **. ve-c, OT ^ „ g At fir8t ^£SZ^J£&^£JE 
uarizer be the rflf*>r*n/<» <-™ ...u:-u *.u- t» .].•«• i*. . ; . "" UiB ooic piates. 



polarizer be the reference direction from which the 
orientation, a,, of the optic axis of the jth. plate is 
measured. In the fan filter the two polarizers areparallel, 



I 

p 



Fro. 1. Section of a . Sole filter, conslstin 



It is difficult to see intuitively how either form of the 
Sole filter accomplishes its purpose. The problem of 
deriving an expression for the transmission by the usual 
methods does not appear to have an easy solution. 
However, the use of the matrix calculus developed by 
Jones'.proves to be effective. The reader is referred to 
his paperB for a very clear explanation of the method. 
In the following application, we retain his notation for 
convenience of reference. 

Let the light travel along the z axis of a rectangular 
coordinate system. The faces of the n retardation plates 
of a Sole filter are normal to the z axis, and the electric 



S^ftS?^ 1 ^^^ sector of Hght transm^ 

toslov. tah , . Parallel t0 the x axi3 - Let the elect ™ vectors of light 



cw'awSj 0 ? Si? avss c ) 080pl8 pro Fyaik "' 3 ' 366 (19S3)i 4 ' 607 ' 
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entering and emerging from the 9ystem be represented 
by the one column matrices, 



*-f j and . B -( \ 



(3) 



Then the initial matrix equations relating «o and « n in 
the fan and folded filters are, 



( "") -P 0 S( a /2)S(7r/2)[S(-a)G]« 

V E vn ' Fan 



XS(-«)P„(*"°), (4) 



( "")« f oid.d ; =(~l) <nW I , »S(«/2)CS(-.«)GS(«)G]t»'« 

n£(/,i/ h even 

XS(-«)P„(f°), (S) 

( ° n )Ko lt .ed-i(-l) (n - ,>/8 P,S(«/2) 
\ JSfn / « odd 



XGCS(-a)GS(a)G]C-i)ff 



XS(-«)P 8 (^°). (6) 

Here S(a) and G are matrices representing rotation 
through the angle a, and the retardation of a single 
plate, respectively. They are denned as follows : 



and 



„ „ /cosa -sina\ 

S(«)-( . ), 
\sina cosa / 

V o g-**/' 



(V) 



(8) 



where y = ir (d/X) ( e— w)in the fan filter, y = n (d/\) (« — w) 
+ (ir/2) in the folded filter, d=> thickness of a single 
retardation plate, X=» wavelength of the light, and 
s and «= refractive indexes of the birefringent material. 

The matrices P 0 and P v represent polarizers trans- 
mitting the electric vector parallel to the x and y axes, 
respectively, and are defined by 



(1 0\ /0 0\ 

o o) * M Mo i> 



(9) 



The transmission of the filter, tb, is the square of the 
ratio of. the amplitudes of the entering and emerging 
electric vectors, «o and e„. The problem of deriving a 
useful expression for rg is basically the problem, of., 
raising the factors in square brackets in Eqs. (4), (5) and 
(6) to the indicated powers without multiplying them 
out explicitly, an impossibly laborious task when n is 
large.' These factors are two by two matrices. Jones has 
devised an ingenious method for raising such matrices 
to any desired power. His method leads to a single 



Fio. 3. Section of a 
Lyot Alter of four bi- 
refringent elements, 
bi-b t , sandwiched be- 
tween polarizers, P. 
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P 



expression for the transmission of initially unpolarized 
light through the fan and the even and odd folded 
filters as follows, 

h Tsinnx "I 9 , v 

, — cosx tana . (10) 

2 Lsinx J 



The parameter x is related to the retardation, y, by 
the following expression : 



cosx aB COS7 cosa. 



(11) 



The factor tg represents absorption and reflection losses 
in the filter. 

Examination of Eq. (10) shows that Sole was correct 
in his experimental finding that a= (l/n)(7r/2) ib an 
optimum condition. Adopting this value for a, we ob- 
tain the transmission curve of Fig. 2, and derive the 
following conclusions: 

(a) At the principal transmission bands, rg=> (tg/2), 
when x^a or x^ir—a. The corresponding values of the 
retardation are y>kir, where k is any integer. 

(b) rg<= 0 when x= (l/n)Tr=> 21a, where <■= 1, 2, 3 ■ • • 

(c) Secondary maxima occur between the zeros. 
Their exact positions are not readily determined, 
although they are very near the midpoints between 
successive zeros. At these points, x B ^+l)a, where 
i— 1, 2, 3, • • ■ (w— 2). The transmission at a midpoint 
between zeros is, then, 



ts rsinn(2J-f-l)a 



2 Lain (8+1)0 



cos (2J+l)o tana . (12) 



I- 



For purposes of comparison, the reader will find the 
theory of the Lyot filter and its split-element modifica- 
tion in papers by Lyot,' Evans, 4 and Dollfus. 8 To review 
briefly, the Lyot filter consists of a multiple sandwich 
of birefringent crystal layers and polarizers. The crystal 
layers, termed ^-elements, are cut with the crystal optic 
axis parallel to the surfaces, perpendicular to the instru- 
mental optical axis. In the simplest form, the thick- 
nesses of the 6-elements form a series in powers of 2. . 
Polarizers, usually sheets of Polaroid film, are placed' 
between successive ^-elements and at each end, with 
their axes parallel. The arrangement is shown in Fig; 3. 
The 6-elements are also oriented with their axes 
parallel, at an angle of 45° to the electric vector. trans- 

a B. Lyoti Ann.'astrophys. 7(1). 2 (1944). . 
*].W. Evans, J. Opt. Soc. Am. 39, 229 (1949). 
• A. Dollfus, Rev. opt. 35, 625 (1956). 
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Fro. 4. Transmission curve of a Lyot filter of four elements as a 
function of the retardation, 71, of the thinnest element. 



mitted by the polarizers. The transmission, tl, of the 
assembly is given by the equation, 

rz,=» (/z,/2)[cos7i cos2yi cos47r • •cos2 Ar ~ 1 7i]*, (13) 

where N=> number of o-elements, 7 l «=» retardation of 
the thinnest elements 7r(<iiA)(«— «), d x = thickness of 
the thinnest element, and t L =a. factor representing 
absorption and interface reflection losses in the filter. 
Lyot* shows that Eq. (13) can be written as follows 



t L rsin2"Ti-l 2 
'~2~ I.2" sumJ ' 



(14) 



He points out that this is identical to the expression for 
the intensity curve of a diffraction grating of 2 N rulings 
at fixed angles of incidence and diffraction. The curve, 
shown in Fig. 4, consists of widely spaced sharp principal 
maxima or transmission bands. Between successive 
bands are 2 H — 1 zeros interspersed with 2^—2 second- 
ary maxima. The separation of successive bands is 
inversely proportional to 71, and the band width to 
2Y-iy 1< These are the retardations in the thinnest and 
thickest 6-elements, respectively. 

Lyot filters, in both the simple and split element 
forms, made of quartz and calcite, less than 20 cm long, 
are now widely used for observation of the sun in the 
light of the Ha line of hydrogen and the S303 line of 
FeXIV in the corona. The band widths range from 
0.5 to S A. 

In assessing the practical value of a birefringent 
filter, the relevant characteristics are the transmission 
at the centers of the transmission bands; the band 
width between the first zeros on each side of the band; 
the transmission of parasitic light in the secondary 
maxima, particularly those near the primary bands ; and 
finally, the cost of the filter. It is therefore of interest to 
compare the Sblc and Lyot filters in these particulars. 
For convenience, the curves of rg and tl are superposed 
in Fig. 5. • 

. A comparison of Eqs. (10) and (14) suggests that a 
Lyot and Sole filter are equivalent if 7s=" yit, and «= 2 N . 
Then the spacing of the transmission bands in 7 (or X), 
and, the number of zeros , and secondary maxima be- 
tween bands is the same for the two. We therefore 
compare a Sole filter composed of 2 N identical retarda- . 
tibn. plates with a Lyot .filter -of N 6-elements, the 



thinnest of which is identical with one of the Sole 
retardation plates. The total thickness of birefringent 
material in the Sole filter exceeds that in the Lyot filter 
by the thickness of one retardation plate. This is not in 
accord with Sole's experimental finding that the two 
are equivalent when the thickness of his filter is approxi- 
mately half that of a Lyot filter, an item of some 
economic importance. 

In transmission, the Sole filter is definitely superior 
to the Lyot filter as usually constructed. The polarizers 
are usually Polaroid film, which has a transmission in 
the visible spectrum of about 0.75 for light polarized 
parallel to the transmission direction. Thus in the Sole 
filter * fl =0.56, while in the Lyot filter /i= (0.75)"+'. 
The split element form of the Lyot filter is considerably 
better, with /£=» (0.75)< Ar/a)+l . In most practical filters, 
with transmission band widths between 0.5 and 5 
angstroms, N ranges from 6 to 10, and II is between 
0.14 and 0.05 in the simple Lyot filter, or 0.32 and 0.16 
in the split element filter. These losses in the Lyot filter 
can be avoided, however, by the use of more trans- 
parent (and much more expensive) polarizers like 
Rochon prisms. A Lyot filter of this construction is very 
nearly as transparent as the equivalent Sole filter, but 
with the practical disadvantage of some added optical 
length which vignettes the field unless the aperture is 
enlarged. 

The band widths of the two filters may be most 
readily compared in terms of A7, the increment in 
retardation of a single Sole plate (or the thinnest Lyot 
^-element) between the center of a transmission band 
and the first zero on either side. For the Lyot filter, 
AyL"(ir/2N)- For the Sole filter, Ax«=2a. If » is 
large (>16, say), a is small, and Ays approaches 
(VJ/2)(7r/»). Since n-"2 lf , we conclude that the Sole 
filter has the sharper transmission band by a factor of 
(v3/2)~0.87. 

The transmitted parasitic light in the secondary 
maxima is approximately proportional to the trans- 
mission at the midpoint between zeros. This is given in 
Eq. (12) for the Sole filter. For the Lyot filter, 



2 



sin(2*-fl)- 
2 



2" sin-(2J-r-l)/2" 
2 



(15) 



We are interested in the ratio (r Bm /t B )/{TL m /t L ) 
"Tjm'/TLm' at the midpoints between corresponding 
zeros in the two filters (i.e., for the same values of I). 
This is 

^[rH-jrWrev <16) 

If n is large, the secondaries near the transmission 
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bands (/ small) approach the ratio • 

(r Sm '/n m ')~<7r/2)»=.2.47. (17) 

Thus the parasitic light in the immediate neighborhood 
of the primary transmission bands is roughly 2.5 times 
as great inthe Sole filter as in the Lyot filter. Since the 
first secondaries on either side of the primary band of a 
Lyot filter transmit together about 0.05 as much light 
as the band itself, it is evident that the parasitic light 
of the Sole filter may be very serious in certain applica- 
tions. A textbook example would be the observation of 
solar flares in the light of the Ha line of hydrogen. Here 
we must isolate the light at the center of an absorption 
line roughly one angstrom broad. The light intensity 
at the center of the line is 0.16. that of the neighboring 
continuum. Thus a Lyot filter with an interval of 0.5 A 
between the center of the band and the first zeros on 
either side has its first secondaries well out in the con- 
tinuum, and the diluting parasitic light from these 
secondaries is' roughly 0.05/0.16=0.3 times the light 
in the transmission band. This reduces the contrast of 
the solar Ha features very appreciably. With the Sole 
filter the diluting, light would be nearly 2.5 times as 
great, and only the most contrasty of the solar features 
would de detectable. For the observation of emission 
line objects against a continuous background, however, 
like the prominences at the solar limb, the Sole filter 
should function reasonably well, although it is still 
definitely inferior to the equivalent Lyot filter in 
contrast. 

One device for reducing the parasitic light in the 
Sole filter would be the addition of a secondary sup- 
pressor plate, in the form of a single thick retardation 
plate with a transmission maximum coinciding with the 
passband, and zeros coinciding with the first secondaries. 
This calls for one additional polarizer. The same device 
applies equally to the Lyot filter, and in practice it 
improves the performance quite substantially. The 
suppressor plate does not change the relative merits of 
the two filters. 

The off-axis performance of the Sole filter has not 
been investigated analytically. However, we should 
expect that when n is large, the folded form should 
have very nearly the same off-axis characteristics as 
the simple Lyot filter. The field characteristics of the 
fan filter, however, are not so readily apparent. Sole 
states that the two forms have the same off-axis 
characteristics, which is surprising.. He further states 

' that the wavelengths of the transmission bands can be 
shifted oyer a. broad range by tilting the filter. This 
'finding is correct in the, same sense that it is true for a 
Lyot filter. As the angle of inclination increases, how- 
ever, the angular field over which the wavelength of the 
transmission band is uniform within a given tolerance 

' (0.1 of the band width, for instance) decreases approxi- 
mately with the reciprocal , of the angle of inclination. 




7 

Fio. 5. Superposed transmission curves of a 16-plo.te Sole filter 
(solid curve) and a 4-element Lyot filter (dotted curve), 



Thus this type of tuning would be useful for the observa- 
tion of a point source at infinity, but is of little use in 
the observation of an extended field, or in a converging 
beam of light. 

The useful field of the Sole filter can be greatly ex- 
tended by the same devices that are applicable to the 
Lyot filter. However, this calls for a compound con- 
struction of each retardation plate, and multiplies the 
complexity of construction several fold. 

A Sole filter with only two polarizers is probably 
more expensive than the equivalent Lyot filter for band 
widths greater than 3 A, and most certainly so for 
sharper bands. A filter with a 5-A band width calls for 
60 or 70 retardation plates, and the number increases 
with the reciprocal of band width. Since they are identi- 
cal, many such plates can be ground and polished in one 
operation. However, the loss in birefringent material in 
the sawing process would be very considerable, and 
the mechanical problem of mounting and cementing so 
many elements in their proper orientation might be 
expensive. If the material is quartz, the thicknesses of 
individual retardation plates presumably would be be- 
tween 1 and 2 mm. For band widths of less than 2 A it 
is almost necessary to use calcite to avoid excessively 
thick filters. The thickness of a single plate is then of the 
order of 0.06 to 0.12 mm, and the problem of working 
this rather difficult material to the requisite accuracy 
in thickness and flatness (about 0.2 micron) in several 
hundred plates becomes really formidable. 

In practice,' one would avoid excessively thin plates 
in the Sole filter by compounding it. For example, a 
i-A filter could be made with a first stage of 25 quartz 
retardation plates about 1.1 mm thick and a second, 
stage of 25 calcite plates 1.4 mm thick (the exact, 
thicknesses depend upon the desired wavelengths of the 
transmission bands). An additional polarizer must, of 
course, be inserted between the two stages. I suspect 
that such a filter would be comparable in cost with an 
equivalent Lyot filter equipped with Rochon prism 
polarizers. Of the two the Lyot filter is preferable 
because of its superior suppression of parasitic light. 

In summary, then, the Lyot filter performs better 
than the Sole filter except for possible applications 
where the parasitic light of the latter near the trans- 
mission bands is of no importance. 



